Abstract Propagule pressure (i.e., the frequency and abundance of introductions) is a common indicator of the likelihood of nonindigenous aquatic species (NAS) establishment success. Evaluating propagule pressure associated with multiple introduction pathways relative to present NAS distribution patterns may identify which pathway presents the greatest risk. Our objective was to develop and evaluate three geospatial metrics for the Laurentian Great Lakes as proxies of propagule pressure associated with three major introduction pathways: maritime commerce, organisms in trade, and water recreation. Logistic and linear regression analyses were conducted between NAS presence and introduction pathway intensity (e.g., number of vessel trips received by a port) for 23 NAS over a five-decade period . Notably, city population size was the best predictor of NAS presence, even for NAS introduced through ballast water discharge. Moreover, through time, city population size was an increasingly significant predictor of the presence of organisms in trade, signaling a change in both the types of organisms introduced and places where introductions are occurring. Nonetheless, all three metrics are reasonable proxies for propagule pressure and as such are applicable for risk assessment, monitoring, and control strategies.
Introduction
Human activities, such as global trade and recreational water sports, facilitate the transport, introduction, and spread of nonindigenous aquatic species (NAS; Mills et al., 1993; Sala et al., 2000; Ricciardi, 2006; Holeck et al., 2014) . Many NAS bypass natural barriers to dispersal by using anthropogenic pathways between geographically isolated populations and novel environments. The speed and breadth of NAS dispersal have increased with human activity (Ricciardi, 2006) and affects both freshwater and marine ecosystems, leaving only 16% of all marine ecoregions worldwide without a NAS present (Spalding et al., 2007 , Molnar et al., 2008 . Globally, international maritime commerce and commercial aquaculture remain the major pathways for nonindigenous aquatic species introductions, primarily affecting the temperate regions of Europe, Asia, Australia, and North America (Molnar et al., 2008; Seebens et al., 2016) .
Propagule pressure (PP; the frequency and abundance of introductions) is broadly accepted as a meaningful indicator of the likelihood of species establishment success (Kolar & Lodge, 2001 , Leung et al., 2004 , von Holle & Simberloff, 2005 , Lodge et al., 2006 , but this relationship has rarely been quantified (Bradie et al., 2013) . It is difficult to calculate PP for nonindigenous aquatic species, so investigators have used proxies such as ballast water discharge volume and number of animal imports (Lockwood et al., 2009) or shipping intensity (Seebens et al., 2016) to model the risk of introduction, establishment, and spread. Net cargo tonnage was proposed to be a reasonable proxy for PP for most commercial vessels (Ricciardi, 2006; Lo et al., 2012) , but PP proxies for this pathway in particular have had mixed success at explaining detection patterns (Wonham et al., 2013) . The quantity and proximity of recreational maritime traffic were successfully used as a proxy for NAS presence in inland lakes and at regional scales (Bossenbroek et al., 2001; Herborg et al., 2009) . Live release events have been estimated using the number of aquaria stores within urban areas, population size, and ownership survey data (Duggan et al., 2006; Gertzen et al., 2008) . Although these proxies have been developed and successfully used to understand NAS patterns, multiple pathways generally operate simultaneously over broad spatial scales (e.g., Clarke Murray et al., 2014) , such that studies like this one, which incorporate multiple introduction and spread pathways over large geographic areas can reveal which pathways best correspond to NAS distribution patterns, and thus likely represent the greatest risk.
The development and evaluation of proxies that represent introduction potential can increase our understanding of how and where NAS are introduced, but can also prioritize sampling locations, thus maximizing the success of preventing NAS introduction and spread (Bossenbroek et al., 2001) . Although major pathways of introduction and spread have been identified, it is difficult to predict whether or not specific NAS will establish a population once introduced (Blackburn et al., 2011) . The present distribution of NAS reflects all stages of the invasion process, from transport to introduction and establishment to secondary spread (Colautti & MacIsaac, 2004) . Here, we use the Laurentian Great Lakes as a case study region to explore how a variety of proxies for propagule pressure are associated with NAS introductions, establishment, and spread by examining their relationship to NAS distribution. The most common pathway for historical introduction and spread of NAS in the Great Lakes was via ballast water discharge from commercial vessels, accounting for 65% of the introductions (Ricciardi, 2006) . These introductions threaten a large part of North America because the Great Lakes serve as a beachhead for NAS spread to the interior of the continent (Rothlisberger & Lodge, 2013) .
Broadly, our goal was to evaluate what kinds of places have been susceptible to NAS introduction and establishment. Specifically, the objective of this study was to develop and evaluate three geospatial metrics (commercial vessel trips, city population size, and marina size) as potential proxies of PP associated with three major pathways (maritime commerce, organisms in trade, and water recreation, respectively) over a large geographic area. Although the case study focus is on the Great Lakes, these pathways are common to NAS introductions generally (e.g., Clarke Murray et al., 2014) . These geospatial metrics were tested as model factors that could explain the apparent spatial and temporal relationship between pathway intensity (i.e., a geospatial metric to represent propagule pressure) and NAS detection records (presence). Our first hypothesis was that increasing pathway intensity (i.e., propagule pressure) corresponds to greater probability of NAS presence, and that the relationship would change by NAS or NAS group (e.g., aquaria species). To test this hypothesis, we examined the relationship between NAS first detection locations and the intensity of each pathway, considering pathway intensity individually (i.e., simple regression analysis) and collectively (i.e., multiple regression analysis). Our second hypothesis was that the relationship with respect to individual pathway intensity or multiple pathway intensities would change through time as the relative strength of those pathway intensities changed. To test this hypothesis, we examined how the relationship between NAS detections and pathway intensity changed over time. To explore how cumulative NAS introductions relate to the three pathways, we used multiple linear regression to analyze the relationships between species richness and pathway intensity.
Methods
Fundamental to our study design was the inherent range of variability and magnitude of maritime commerce, city population size, and recreational marina size within the Laurentian Great Lakes region. That is, the variation in location and magnitude of introduction pathways was exploited to conduct a natural experiment to evaluate geospatial proxies for PP. Among aquatic ecosystems globally, the Laurentian Great Lakes are among the most vulnerable to NAS invasions, with over 180 NAS currently present in the region (USGS, 2014). The Great Lakes receive international shipping vessels via the Great LakesSaint Lawrence Seaway System, which connects all five Great Lakes to the Atlantic Ocean through a series of canals and locks. An average of 250 million tons of cargo is moved by water through the region annually between major U.S., Canadian, and foreign ports (U.S. Army Corps of Engineers, 2014). Over 500 recreational marinas have been documented (Allan et al., 2013) and roughly 36 million people live within the region in a variety of sized cities (U.S. Census Bureau, 2010; Statistics Canada, 2010) .
Development of proxy metrics for propagule pressure
Proxy metrics for propagule pressure were developed using geospatial data for three prominent pathways of aquatic introduction and spread: maritime commerce within ports, live release from urban areas with populations above 2,500, and recreational maritime traffic in marinas (Table 1 ; Fig. 1 ). All spatial analyses were conducted using ESRI ArcMap TM v10.1 (ESRI, 2014), while statistical and regression analyses were done in SigmaPlot Ò V 14.0 and the R statistics program (R Core Team, 2014) .
Each proxy metric was associated with a specific geographic boundary such as a port or marina (hereafter referred to as an area of pathway influence, or API), which is described below. Maritime commerce was categorized into eight proxy metrics (Table 1) ; each was analyzed independently to explore the relationship with NAS presence and NAS richness. The experimental proxy metric for the live release pathway was city population size, which was divided into five decadal periods: 1970s, 1980s, 1990s, 2000s, and 2010s . For live releases, we assume that the likelihood of introduction within an API increases with population density. The proxy metric for recreational maritime traffic was marina size, measured by the number of boat slips within a marina. We assumed the likelihood of introduction within a marina increases with marina size owing to an increase in traffic.
Nonindigenous aquatic species detections
We modeled the introduction and spread patterns of three NAS: quagga mussel (Dreissena bugensis, Andruzov 1897), zebra mussel (Dreissena polymorpha, Pallas 1771), and round goby (Neogobius melanostomus, Pallas 1814), along with two group models, aquaria-specific species (NAS Aq ) and all NAS detections combined (NAS All ) ( Table 2 ). The primary dataset for NAS detections was the U.S. Geological Survey Nonindigenous Aquatic Species database (USGS NAS) (www.nas.er.usgs.gov). The database comprises voluntarily reported NAS detections from individuals and government agencies, as well as from literature reviews by USGS. This dataset is presence only data, and represents detections from both primary (initial introduction into a novel area) and secondary spread (dispersal throughout the newly invaded area). In addition, incidental NAS detections from the Great Lakes Indicator Consortium's (GLIC) Coastal Wetland Monitoring (CWM) Program for 2011 and 2012 (V. Brady, unpublished data) were included to improve coastal wetland habitat coverage throughout the Great Lakes (Uzarski et al., 2017) . The NAS detection records were used to determine the presence of invertebrate NAS and five select fish species (common carp, eurasian ruffe, goldfish, round goby, and scud) from 1970 to 2013; we included fish species directly associated with the aquaria trade and live release (Duggan et al., 2006; Gertzen & Leung, 2011) or maritime commerce pathways (Mills et al., 1993) . Only species detections within 10 km of the shoreline were used (see below). The study included 23 species and approximately 3,300 detections (Table 2 and Supplemental Fig. 1 ).
Area of pathway influence (API)
An API is the spatial representation of the extent of influence of a given pathway location, specifically, ports, cities, and marinas. Each API was assigned a pathway-specific metric that quantified the amount of human activity at the given location (pathway intensity). By buffering points and polygon areas that represented the pathway locations, APIs were generated for each pathway location (Fig. 2) . Port polygons were determined using aerial photography by incorporating all physical structures directly related to port activity, e.g., loading docks and ship berths. To delineate the shoreline boundaries of city APIs, we used the maximum extent of a city's waterfront. In contrast, marinas were modeled as point locations. Buffers were applied to the pathway locations; a buffer of 10 km was applied to port and city APIs because alongshore currents in the Great Lakes separate coastal and offshore waters at approximately 10 km from shore (Rao & Schwab, 2007; Yurista & Kelly, 2009 ). For marina APIs, a 1 km buffer was used to represent the small physical nature of marinas as structures designed to separate marina waters from nearshore open water. Buffers were limited to Great Lakes waters, excluding tributaries and near shore lakes. If overlap occurred between buffers in the same pathway (Supplemental Fig. 1A ), the two pathway locations were considered not independent, and a single API was created from the combination of the maximum extents of the original overlapping buffers and the sum of the individual pathway intensity When categorizing the metrics, domestic was defined as both U.S. and Canadian ports, while foreign included any trip, cargo, or ballast water that passed through waters greater than 200 nautical miles from the U.S. or Canadian landmasses. Unique locations are the number of spatially distinct sites with data; locations were combined based on the distance between sites (for ports, if two ports were within 10 km they were merged into one site with the sum of both attributes; marinas were combined if within 1 km; city locations were not combined) metrics (Supplemental Fig. 1B ). Spatial combination was not done for city APIs where overlap occurred, rather, the mid-point between two city APIs was used as a division (Supplemental Fig. 1C ). In addition to the individual APIs, we created composite APIs; wherever spatial overlap of different individual pathway APIs occurred (i.e., a marina within a city API), the smallest extent of the overlapping APIs was classified as a new API and was attributed with all metrics of the underlying pathways (Supplemental Fig. 2) . Pathway values of zero were attributed for non-overlapping APIs, i.e., in the composite APIs where only a city was present, the port and marina metric for that given API would be zero.
If a species detection occurred within an API, the NAS detection was associated with that specific API. The presence-only data found in the NAS database potentially are subject to pseudo-absence error, especially through time (i.e., the propensity to not report a long-established NAS). To address temporal inconsistency of a species detection at a given location, we assumed that after the initial detection, the species was present thereafter, e.g., if a NAS was sighted in an API in 1991, we assumed the NAS was present in that API during the 1990s, 2000s, and 2010s. Although the effect of this assumption is to maximize NAS richness at a given API, our analysis focused on NAS that became broadly established throughout the Great Lakes region through time. Thus, it is improbable these successful invaders routinely failed to successfully establish; we do acknowledge, however, that some successful invaders do fail to establish after introduction (e.g., introduced ruffe, Gymnocephalus cernus, in Lake Huron; .
Statistical analyses

NAS presence analyses
We first analyzed whether there was a relationship between where any NAS was first detected (first presence; FP) and the intensity of each pathway, then analyzed how detections of select individual species and NAS groups were related to pathway intensity, and finally examined how the relationship between NAS detections and pathway intensity changed over Table 1 time using a set of individual species models as well as a set of pathway-specific models (Table 2) .
To test for relationships between NAS FP (response) and pathway intensity of ports, cities, and marinas (factors), we used logistic regression, including both simple (each pathway as a single factor) and multiple (all three pathways as factors) logistic models. All FP records were pooled across species for those NAS with more than ten detections (n = 18) since 1970. First presences were grouped based on the year of the record, and 10 NAS had multiple first presences occur in the same year at different locations.
To test for relationships between NAS detections and pathway intensity, we used select individual species and species groups (pooling all detections from 1970 to present). Individual species models Lake identifies recorded species presence by lake. Lake abbreviations: S-Lake Superior; H-Lake Huron; M-Lake Michigan; ELake Erie; O-Lake Ontario. Model Abbreviations: IND Individual species model; NAS Aq -Aquaria species model; asterisk symbol included in both First presence (FP) and all NAS (NAS All ) models; all NAS listed were included in FP and NAS All models even if not noted with an asterisk. Regression analyses were conducted using subsets of this dataset in various models: three individual species models, two group species models, and one first presence model (IND) were analyzed for quagga mussel, round goby, and zebra mussel because these species had the greatest number of detections and are associated with the maritime commerce and recreational maritime pathways (USGS, 2014) . To test the organism in trade pathway, we developed a group aquaria species (NAS Aq ) model comprising seven NAS (goldfish, freshwater jellyfish, chinese mystery snail, european ear snail, freshwater hydroid, freshwater bryozoan, and pacu) ( Table 2 ) associated with the live release pathway (USGS, 2014); we used a group model to increase the sample size of aquaria species detections (n = 131). In addition, to evaluate whether there were patterns among all NAS detections, we developed a group model that included all NAS records (NAS All ; Table 2 ). We used both simple (each pathway as a single factor) and multiple (all three pathways as factors) logistic regression. We tested temporal change in the relationships between NAS presence and pathway intensity for each of the three pathways over five decadal periods using logistic regression analysis, again including both simple and multiple models. To do so, with respect to each species or group, we developed a model for each of the five decades (i.e., 1970s are detections between Jan 1, 1970 and Dec 31, 1979) . To determine whether there was a change in the species-specific association with each pathway after initial introduction, the odds ratio value from a multiple linear analysis was calculated for the first decade of an invasion for each NAS and NAS group, and for the most current decade (2010s). The first decade of an invasion varied by NAS and was based on the year of the FP since 1970. Model significance was tested using the likelihood ratio statistic and its associated p. The model fit was assessed using the -2 9 log(likelihood) value (i.e., -2LL).
The Bonferroni inequality method (Bonferroni, 1936 ) was applied and a significance level of a = 0.01 was used to determine significant with more confidence than the standard a = 0.05 level. The presence of multicollinearity was tested for in every multiple logistic model using the variance inflation factor (VIF). Low variance inflation factor (VIF) scores for the independent variables (API pathway intensity) in the multiple logistic regression models (port = 1.058, city = 1.055, marina = 1.005) did not support the presence of multicollinearity (i.e., it was not the case that large ports and marinas were generally associated with large cities, or vice versa). The absence of multicollinearity indicates that there were no interactions between the pathway metrics (independent variables).
Each set of pathway APIs was tested for spatial autocorrelation using Moran's Index (Moran, 1948) . No significant spatial autocorrelation was present for cities and marinas (Moran's Index for cities and marinas respectively: P = 0.47 and 0.35). Ports were significantly clustered, but to a very small degree (P = 0.041; Moran's I = 0.10; Moran's I values near 0 suggests no spatial autocorrelation while values near 1 suggest clustering).
NAS richness analyses
To explore how cumulative NAS introductions relate to the three pathways, species richness was calculated for composite APIs, and then relationships between species richness and pathway intensity were analyzed using multiple linear regression (Poisson regression). NAS richness was calculated as the cumulative total of unique NAS associated with an API over the entire study time range . We recognize that NAS richness patterns are potentially skewed by the search effort associated with specific areas (Hoffman et al., 2011 ). While we do not have independent effort estimates, a recent continental-scale analysis of NAS richness patterns that included the Great Lakes found that spatial ''hotspots'' in NAS richness were the same pre-and post-data rarefaction, suggesting an effort effect is not sufficiently large at this Great Lakes scale to alter interpretation of richness patterns (Davis & Darling, 2017) .
Results
Nonindigenous aquatic species presence
From 1970 forward, there was at least one NAS present in every port API except one (Silver Bay, MN), in all but seven city APIs (94%), and in 148 (* 50%) marina APIs. The intensity of the pathway metrics varied widely both between and within pathways.
First presence (FP)
We found a significant relationship between all three pathway metrics and locations of NAS FP since 1970. City population size and commercial vessel trips had roughly the same odds ratio values, 58.2 and 54.1%, respectively (P = 0.007 and 0.002; regression coefficient 0.45 and 0.43). Marina size was also a significant factor, but had a negative odds ratio, -52.1% (P \ 0.001; coefficient -0.736). The multiple logistic model was significant when tested using the likelihood ratio statistic (P \ 0.001) and the model fit (-2LL) was 162.3.
Individual species and species groups
In general, all NAS or NAS groups analyzed using simple logistic regressions were more likely to be present at locations with greater pathway intensity (i.e., more commercial vessel trips, larger city population size, and more marina slips) (Figs. 3, 4) .
Commercial vessel trips (maritime commerce)
To determine the best metric to use for maritime commerce, we tested eight pathway metrics using multiple (Table 3 ) and simple (Supplemental Table 1 ) logistic modeling. Commercial vessel trips (CVT) and non-discharging vessel trips had the greatest number of significant relationships with species presence over the five decadal period (11 of 19 for multiple regression and 4 of 19 for simple regression models).
The differences in the model fits (-2LL) between these two trips metrics were minimal, and there was a significant linear regression between them (R 2 = 0.5, P \ 0.001), suggesting that both factors had a similar relationship with NAS presence. Since total CVT was more inclusive as a metric, it was designated as the best maritime commerce metric. Hereafter, we focus on the outputs with respect to CVT. Surprisingly, the only species for which its presence was significantly related to CVT in the simple regression models was the round goby; the probability of presence increased for all ports after the 1990s (Fig. 3D) . The CVT metric was not significantly related to the presence of quagga mussel, zebra mussel, or the pooled aquaria species group (NAS Aq ) (P [ 0.01); there was only one decade (1980s) in which we found a significant relationship between CVT and the all species (NAS All ) group (Table 4, Figs. 3, 4) .
City population size
We found significant relationships between NAS presence and city population size for all NAS and decade combinations except for the NAS Aq model in the 1980s (Table 4; Figs. 3, 4) . The probability of NAS presence was always greater for larger population cities than for smaller population cities.
The probability of quagga mussel presence sharply increased as population size increased from the 1990s to the 2000s, with a maximum increase of 30% in cities around 10 6 (1,000,000) population size. However, in cities below 10 4 (10,000) population size, there was only a 1% increase in the probability that quagga mussel was present (Fig. 3B) . The probability of presence did not change between the 2000s and the 2010s. More generally, quagga mussel detections were limited to large and medium-sized population cities throughout all decades.
The probability of zebra mussel presence was substantially greater (approximately 80%) in the largest population cities than the smallest population cities (\ 5%) during the 1980s. From the 1980s to 1990s, there was a dramatic increase (average of 60%) in medium-sized population cities (10 3 to 10 4 ; Fig. 3H ), suggesting a rapid increase in zebra mussel introductions near medium-sized population cities while small and large population cities had a similar probability post-introduction. From the 1990s onward, the probabilities were the same among cities of different sizes with population greater than 10 4.7 . Alternatively, the probability of round goby presence increased 10% in the largest population cities and 30% in the smallest population cities from the 1990s to the 2000s (Fig. 3E) . After the 2000s, the probability in smaller population cities (\ 10 3.5 ) increased slower than those cities with larger populations.
The presence of the NAS Aq species was not significantly related to city population size until the 1990s (Fig. 4E) . From the 1990s to the 2010s, the probability was highest in large population cities, and the increase over time was greater in large population cities than small population cities (an approximate 30% increase from the 1990s to the 2000s).
For the NAS All group, the probability of presence increased rapidly from the 1970s to the 1980s in all but the largest population cities. We found a larger increase in the probability from the 1980s to the Fig. 3 Probability of NAS presence from simple logistic regression models. All displayed relationships were significant at a \ 0.01. The absence of a probability curve for a given decade indicates that the relationship was not significant for that given decade. Quagga mussel and round goby models were done for three decades (1990s-2010s); the zebra mussel models were done for four decades (1980s-2010s). The P(50) marks the point where the probability of presence equals 0.5 and is provided as a reference point for comparison within the figures Hydrobiologia (2018) 817:23-40 31 1990s in large-and medium-sized population cities (Fig. 4B) . By the 1990s, all cities approaching a population of * 10 4.5 (31,500) had an approximately 100% chance of NAS presence; the minimum probability was 40% in the smallest population cities. The probability of presence for any size city was greater than 50% for the 2000s and 2010s. Zebra mussel and round goby detections in the 1980s and beyond strongly influenced this model, accounting for over 35% of total detections records.
Marina size
Similar to the city population pathway analysis, the probability of NAS presence was significantly related to marina size for most decades (Table 4; Figs. 3, 4) . Increasing marina size was associated with greater probability of presence with respect to round goby, zebra mussel, and the NAS All group, but was not significant with respect to quagga mussel and the NAS Aq group. The probability of round goby presence in marinas changed little over time (Fig. 3F) . In contrast, the probability of zebra mussel and NAS All presence increased 25% (or less) in marinas with below 10 2 (100) slips, but increased nearly 50% in the largest marinas (Figs. 3I, 4C ).
Multiple logistic pathway analysis
Using multiple logistic regression, we found a significant relationship for at least one decade between the probability of four of the five NAS being present (response) and CVT (factor) (Fig. 5) . However, except for round goby, this metric had the smallest odds ratio value and was the least important factor in multiple logistic NAS presence models. The CVT metric did have the largest odds ratio in the round goby model for both the first and current decade (76% and 59%, respectively). Yet, the odds ratio for CVT decreased from the first decade to the 2010s for round goby, zebra mussel, and NAS All models. In contrast, city population size had the largest single odds ratio and was a significant model factor for all NAS models and all decades except for the 1980s NAS Aq group model. Similar to the CVT metric, the odds ratios for three of the five species models decreased from the first decade to the current decade, indicating that a substantial increase in presence of NAS had occurred near cities. The only exception was for quagga mussel, for which Fig. 4 Probability of NAS group (NAS All and NAS Aq ) simple logistic regression models. The all species model consisted of the 18 primary NAS; the aquaria species model included five NAS associated with the aquaria trade. All displayed relationships were significant at a \ 0.01. The absence of a regression curve for a given decade indicates that the relationship was not significant for that given decade. The all species models were conducted for all five decades (1970s-2010s); the aquaria species models were done for four decades (1980s-2010s). The P(50) marks the point where the probability of presence equals 0.5 and is provided as a reference point for comparison within the figures the city population size odds ratio increased over time. Marina size had negative odds ratio values for all NAS and NAS group models, consistent with the results from the FP simple linear regression analyses. The odds ratio values were increasingly negative through time which was opposite of the trend for both CVT and Supplemental Table 1 provides the simple logistic regression analyses results for each of the eight maritime commerce metrics. The significance (a = 0.01) and overall model fit were determined for each of the maritime commerce metrics; only the results for the maritime commerce metric are displayed. There were no significant relationships in the aquaria species models (omitted). Model fit values (-2*log(likelihood)) are displayed for significant results (*); P-values are displayed for non-significant results. Trips were categorized as total trips, discharging, and non-discharging ballast water. Cargo was categorized into domestic (U.S. and Canada) and foreign origins. Highly invaded ports were defined as the top quartile ports for NAS richness ([ 7 species). Simple logistic regression modeling (Supplemental Table 1 ) produced similar results city population size. That is, the negative influence of marine size on NAS presence increased over time even as the positive influence of both city population size and CVT increased.
Nonindigenous aquatic species richness
The highest NAS richness was 13 species, found in the Duluth-Superior port and city APIs, and associated with the maritime commerce and live release pathways, respectively. The highest species richness for marina APIs was 6, found in three locations: Chicago, Il; Erie, PA; and Port Colborne, Ontario. We found a significant relationship between NAS richness and pathway intensity; all three pathway metrics were significant factors in the multiple linear regression model (Table 5 ). The relative magnitude of the maritime commerce and city population size regression coefficients were similar among decades except for during the 1970s. The marina size coefficient within the multiple logistic model was always negative (i.e., an inverse relationship between marina size and NAS richness). Notably, both population and marina size coefficients decreased through the 1980s then stabilized for the next three decades; maritime commerce coefficients fluctuated between the 1970s and 1980s, then stabilized as well. The changes in the regression coefficients were minimal after the 1980s, demonstrating that NAS richness increased at a constant rate.
Discussion
The probability of past NAS presence increased with increasing commercial vessel trips (CVT), city population size, and marina size; however, city population size was the best metric to explain primary and secondary spread patterns as represented by reported detections. While city population size is recognized to be an important aspect of NAS spread, especially with respect to aquaria species (Duggan et al., 2006; Gertzen et al., 2008) , the finding is important because international shipping is generally considered to be the Table 4 Model fit (-2*log(likelihood)), regression coefficient, and standard error for simple logistic regression models Values of -2*log(likelihood) closer to '0' indicate a better fitting model. The P value was calculated using the likelihood ratio test statistic to test for significance. Significance was determined at a = 0.01. 'NS' denotes that the relationship was not significant dominant vector for NAS spread among coastal ecosystems, both globally and in the Laurentian Great Lakes (Carlton & Geller, 1993; Ricciardi, 2006) . We did find a relationship between NAS Aq species presence and city population size. It first was apparent in the 1990s, and has increased in magnitude since. In contrast, the strength of the relationship between NAS presence and maritime commerce declined over time. This indicates that there have been subtle shifts in introduction pathways and locations through time.
Here, we discuss the quality of the geospatial metrics, as well as the implications of our results for how NAS spread (as inferred from presence or absence determined from detections) has occurred.
Geospatial metrics
We found significant associations between NAS presence and city population size; the overall importance of this pathway is disproportionate with respect to the historical prominence of the maritime commerce pathway (Ricciardi, 2006) . In contrast, Seebens et al. (2016) , based on a dataset of marine algae, identified global hotspots for invasion using only ship traffic data. Yet, we emphasize that the scale (regional or global) and species of interest are fundamental considerations. Further, the city size metric may represent multiple potential pathways of NAS introduction beyond the live-release avenue, including a Percent change in odds ratio for the multiple logistic regression NAS presence models. The change in odds ratio value is the percent (%) change of probability (y-axis) given a one-unit increase on the x-axis (pathway intensity). Higher odds ratios translate to a greater influence from a given pathway. Negative values indicate that for a change on the x-axis, the probability of presence decreases. Solid bars represent the odds ratio for the first decade that a species was sighted. 'Asterisk' denotes that the relationship was not significant for the given species/pathway/decade. Maritime commerce-port; population size-city; water recreation-marina All coefficients were statistically significant at P \ 0.01; 513 degrees of freedom Hydrobiologia (2018) 817:23-40 35 disturbance effect (Leprieur et al., 2008) , making it a more general metric than either maritime commerce or marina size. The prominence of city population size as a predictor of NAS presence, even for ballast water introduced species, implies that introduction and detection locations were not always the same. That is, an explanation for the apparent mismatch between the metric and the introduction pathway is that secondary spread often occurred rapidly, prior to first detection. Nonindigenous species populations generally experience a lag phase in population growth during the establishment stage of invasions, which is an effect of environmental limitations or low genetic diversity of a founder population leading to reduced fitness (Crooks, 2005) . Because of this lag phase, NAS may be present and undetected for years before their populations are large enough to be detected (Crooks, 2005; Rilov et al., 2004; Branstrator et al., 2017) . It is plausible that secondary spread by recreational and commercial maritime traffic occurred before first detection during the lag phase, which would confound associations between introduction and FP locations. Ballast water can travel upwards of 7.5 km in the first day after discharge (Wells et al., 2011) , which can aid dispersal of planktonic NAS and account for rapid secondary spread prior to first detection. Moreover, in some cases, current-mediated dispersion may have transported NAS out of port APIs and into city APIs prior to detection. As such, maritime commerce and the CVT metric may still be associated with the spread of NAS within the Great Lakes (Sieracki et al., 2014) .
Although city population was a good predictor with respect to overall NAS distribution, the first detection (FP) results corroborate previous findings regarding the source of NAS introductions to the Great Lakes. While all three pathway metrics were significant factors of NAS FP patterns, both CVT and city population size had similar odds ratios, suggesting that there was an equal association with NAS FP. This near equal split of association with each metric is consistent with the ballast water discharge (maritime commerce) mediated introduction history of NAS in the Laurentian Great Lakes, where 65% of NAS introductions are attributed to ballast water discharge (Mills et al., 1993; Ricciardi, 2006) . Additionally, approximately 50% of NAS included in this study were introduced through ballast water discharge and not the organisms in trade or recreational traffic pathways (USGS, 2014) , evidence that the geospatial metrics reasonably explained the first presence pattern across the basin.
Marina size was positively related to the probability of NAS presence when modeled independently (simple regression), but in multiple logistic models, increasing marina size reduced the probability of NAS detection relative to what was expected based on the associated marina size. The results from the simple regression models are consistent with Davis & Darling (2017) , who found a strong association between NAS richness and the number of recreational vessels and slips in their examination of patterns throughout the 48 contiguous US states. The finding merits further investigation as to why the probability of NAS had a negative relationship to marina size for the multiple logistic results. As disturbed areas, marinas attract and harbor NAS (Ashton et al., 2006; Foster et al., 2016) . One possible explanation is that there was an observer effect favoring detection in small marinas over large marinas owing to the reduced effort and greater ease of survey within small marinas.
Limitations
Public NAS detections can potentially contribute to research on the patterns and potential mechanisms behind NAS introduction and spread, but with a few a caveats. We recognize that the data are subject to observational bias given the non-systematical nature of the detections data, which can affect analysis (Phillips et al., 2009 ). Nevertheless, these data sets are among the best we currently have to document largescale distributions of NAS. Further, recent studies of NAS distribution based on stratified, random sampling broadly corroborate our findings. Trebitz et al. (2009) analyzed benthic invertebrate NAS detections and richness patterns within the Duluth-Superior port (the location with the highest NAS richness in this study), and found that NAS were more likely to be found near either city or near port facilities than in areas upstream of the cites and port facilities. Further, Hoffman et al. (2016) analyzed nonindigenous fish species detections from the three largest ports in Lake Superior and found that the rank order of nonindigenous fish species richness corresponded to the rank order of CVT to the three ports.
A specific, related concern is that increasing population size may increase the likelihood of NAS detection, rather than introduction (presence).
Ultimately, we cannot fully evaluate the strength of such an effect because it would require survey effort data. However, observations based on the data conflict with this interpretation. First, in the simple logistic regression analyses, increasing pathway intensity for all three metrics were associated with increased NAS presence, suggesting pathway intensity broadly is related to NAS detection. Second, the zebra mussel analysis revealed that NAS detections increased in medium cities faster than large cities shortly after introduction; this finding contradicts the notion that a greater population yields increased detection. Third, we found a strong association between round goby and CVT (its primary spread pathway-adult round goby does not disperse, but larvae are susceptible to ballast water intake; Ray & Corkum, 2001; Hensler & Jude, 2007) , yet a strong association between zebra mussel and both city population size and marina size (i.e., secondary spread pathways (Rup et al., 2010 ); zebra mussels are readily spread on infested docks, boats, or other items (Mackie & Schlosser, 1996) ) but not CVT. Thus, our approach identified species-specific relationships to APIs consistent with the known dispersal pathways.
NAS spread patterns
Taken as a whole, our results demonstrate a general pattern of secondary spread from larger ports, cities, and marinas to medium and small locations as NAS were increasingly found throughout the Great Lakes and associated with an increasing number of pathway locations. Spread was pathway-and species-specific, and occurred at varying rates. By 2013, nearly all locations with high human activity were occupied by at least one of the evaluated NAS. By the end of the 1990s, there was at least a 40% chance of a NAS being present near any size city; by the end of 2013, this value had increased to greater than 70%. With respect to NAS richness, the influence of maritime commerce was roughly equal to that of city population size, such that busy ports near large population cities have the highest NAS richness throughout the Great Lakes. Moreover, the probability of NAS presence was homogenized through time and across pathways as the system became more invaded and the pathway intensity values associated with the P50 (e.g., the city size at which there is a 50% probability of NAS presence) decreased for most NAS and NAS groups. This is an important result, revealing that the probability of NAS detection in a kind of place (i.e., a medium city) changes through time as NAS spread continues, and thus both the association between a NAS and its original introduction pathway declines through time, and the need to manage NAS in a greater range of kinds of places increases.
Our results indicate that aquaria species are a relatively recent concern, particularly for large and medium size cities. Whereas the association between NAS and maritime commerce weakened through time, the association between city size and aquaria species emerged only in the 1990s and thereafter strengthened. The finding is consistent with the rapid increase in the international export value of ornamental fish during the 1980s and 1990s (Padilla & Williams, 2004) . The potential of this group to be introduced and spread is disproportionally based in large population cities; when evaluated using multiple logistic regression to account for the commercial and recreational maritime activities pathways, aquaria species have the greatest potential for spread of all the NAS in the current decade, having the highest odds ratio value for the 2010s. Note that most of the aquaria species analyzed are invertebrates and not fish; although aquaria fish present a relevant threat, especially in trophic climates (Padilla & Williams, 2004) , many are tropical species that likely will not survive once introduced to temperate climates (Lapointe et al., 2016) .
The multiple linear regression analysis between NAS richness and pathway intensity reveal an initial rapid increase in species richness in the 1970s and 1980s, then a constant rate of increase in NAS richness from the 1980s onward. This suggests that introductions have slowed in recent decades when compared to the analyses conducted by Ricciardi (2001) , who found that the cumulative introductions of new NAS into the Great Lakes increased exponentially from 1810 to 1999. Additionally, our analysis indicates that propagule pressure has a measurable cumulative response (i.e., cumulative NAS richness was significantly related to pathway intensities through time). That is, NAS richness was greatest in those areas subject to sustained, high propagule pressure as indicated by population density and CVT. Copp et al. (2010) found that population density and nonindigenous fish species richness are correlated in England. In a regional study of coastal British Columbia, Canada, Clarke Murray et al. (2014) found that shipping activity, population density, and recreational boating could explain NAS richness of benthic invertebrates. Whether propagule pressure from multiple pathways can enhance NAS richness above and beyond a single pathway via the introduction of species with a variety of life histories remains a frontier for research.
In conclusion, by contrasting varying combinations of pathway intensities (by proxy) expressed in cities, ports, and marinas throughout our case study area, the Great Lakes region, we were able to examine the past and current relationship between major NAS introduction pathways and NAS detections. Developing geospatial metrics as proxies for specific NAS introduction pathways revealed large-scale spatial and temporal patterns associated with NAS detections. Despite the prominent role of commercial maritime activities in NAS introduction and spread, our study revealed that city population size is an important metric for explaining NAS presence and introduction patterns in the Great Lakes, and thus a potentially important metric for other aquatic systems globally. At present, nearly all medium and large size cities in the region harbor at least one NAS. Our findings suggest the possibility of transport of newly introduced NAS to areas around cities prior to first detection; future studies modeling nearshore currents around ports and cities or investigating patterns in both commercial and recreational vessel traffic would be valuable, in this regard. Further, we identified a temporal shift in the relative strength of specific pathway and NAS associations; city population size was an increasingly significant predictor of the presence of organisms in trade. This shift should inform future studies regarding which pathways are most relevant to current and future NAS introductions.
